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A B S T R A C T
High-content screening microscopy relies on automation infrastructure that is typically proprietary, non-
customizable, costly and requires a high level of skill to use and maintain. The increasing availability of rapid
prototyping technology makes it possible to quickly engineer alternatives to conventional automation
infrastructure that are low-cost and user-friendly. Here, we describe a 3D printed inexpensive open source
and scalable motorized positioning stage for automated high-content screening microscopy and provide detailed
step-by-step instructions to re-building the device, including a comprehensive parts list, 3D design ﬁles in STEP
(Standard for the Exchange of Product model data) and STL (Standard Tessellation Language) format,
electronic circuits and wiring diagrams as well as software code. System assembly including 3D printing
requires approx. 30 h. The fully assembled device is light-weight (1.1 kg), small (33×20×8 cm) and extremely
low-cost (approx. EUR 250). We describe positioning characteristics of the stage, including spatial resolution,
accuracy and repeatability, compare imaging data generated with our device to data obtained using a
commercially available microplate reader, demonstrate its suitability to high-content microscopy in 96-well
high-throughput screening format and validate its applicability to automated functional Cl−- and Ca2+-imaging
with recombinant HEK293 cells as a model system. A time-lapse video of the stage during operation and as part
of a custom assembled screening robot can be found at https://vimeo.com/158813199.
1. Introduction
Over the past two decades, automated high-content screening
(HCS) microscopy has become an indispensable method in cell biology
with applications in an almost inﬁnite variety of scientiﬁc ﬁelds
including cancer research and neurosciences.
Conventional HCS systems are typically made up of a fully auto-
mated inverted microscope as a central component and a motorized
stage mounted on top of the microscope's chassis. The microscope,
usually equipped with exchangeable objectives, focusing mechanics, a
digital camera and infrastructure allowing for ﬂuorescence or lumines-
cence microscopy, is used for visualization of biological probes at the
microscopic level. The motorized stage enables inspection of specimen
larger than the ﬁeld of view of the objective and automatic positioning
of biological samples, cultured e.g. in multititer plates, during opera-
tion in high-throughput screening mode. Besides these components,
conventional HCS devices are equipped with additional parts, such as
an incubator, capable of maintaining optimal conditions necessary for
culturing cells, liquid-handling systems or robotics for operation in
almost autonomous high- or ultrahigh-throughput screening mode.
Commercially available motorized positioning stages are character-
ized by high-speed scanning capabilities and high positional accuracy
in the micro- or sub-micrometer range, achieved through e.g. stable
closed-loop control systems. These stages are claimed ideal for
manually or automatically positioning a wide range of specimens and
samples in many types of microscopy or imaging techniques and
applications but are typically proprietary and thus disadvantageous
for a number of reasons. First, installation of commercially available
positioning devices or integration with existing equipment as well as
application and maintenance requires a high level of product-speciﬁc
skill and hence, is resource-intensive and not user friendly or straight-
forward. Second, options for interfacing with third-party systems are
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often limited at both hard- and software levels, e.g. because available I/
O (input/output) ports are not documented and thus, virtually not
available to users, software code is closed source or the command set is
not provided. Third, customization of conventional positioning stages
is hampered for the sake of protection of proprietary hard- and
software. For example, hardware modiﬁcation is typically not permis-
sible and will result in the loss of the warranty and exclusion of liability.
Furthermore, proprietary commercial systems are typically cost-inten-
sive and not readily applicable to a broad range of laboratories in low-
resource settings or for educational purposes, e.g. in schools or
universities.
Despite the fact that there are examples on low-cost 3D printed
technologies for cell-based high-content imaging (Campbell et al.,
2014; Walzik et al., 2015; Wardyn et al., 2015) and high-throughput
screening (Berg et al., 2015; Gregory and Veeman, 2013; Spivey et al.,
2014), a positioning stage for automated high-content screening
microscopy that is fully open source, scalable and low-cost has not
been reported yet. The recent availability of rapid prototyping technol-
ogy, including 3D desktop printing, open source microcontroller
boards and inexpensive consumer electronics, mechanics and robotics
parts - also adopted by the ‘Maker’ movement, a culture of do-it-
yourself (DIY) product design (Editorial, 2013; Landrain et al., 2013;
Seyfried et al., 2014) - makes it possible to quickly engineer and share
user-friendly equipment of reduced cost and complexity.
To overcome the limitations of proprietary technology described
above we aimed to develop a motorized stage based on a ‘Makers’
approach that is fully open source, customizable, robust, aﬀordable to a
broad range of research labs and could rapidly and easily be re-built
e.g. in so called fab labs (fabrication laboratories) and - at the same
time - is suﬃciently accurate for automated high-content screening
microscopy. To this end we aimed to use oﬀ-the-shelf electronic
components as well as 3D-desktop printing and low-cost open-source
microcontroller architecture, both being increasingly used in the
development of scientiﬁc devices (D'Ausilio, 2012; Frame and Leach,
2014; Leeuw et al., 2013; Pineño, 2014; Schubert et al., 2013;
Starosolski et al., 2014; Stokes et al., 2013; Wittbrodt et al., 2014)
and proven valuable in the design of technology suitable to educational
purposes (Marzullo and Gage, 2012; Shannon et al., 2014; Walzik
et al., 2015). We further aimed to evaluate the stage with regard to its
positioning characteristics including spatial resolution, accuracy and
repeatability and to provide one example each for applications in
cancer research and in neurosciences i.e. for high-content imaging in
high-throughput screening mode, e.g. for cell ﬁtness screening, and for
functional imaging of ion channels, respectively.
In cancer research, high-content imaging in high-throughput
screening mode is applied for example in the context of cell viability
or ﬁtness screening to identify novel chemotherapeutics. Cellular
ﬁtness is indicated by various physiological indicators which are
partially and indirectly assessable using ﬂuorescence-based assaying
methods and is often measured by quantifying cell number using e.g.
ﬂuorescent proteins (Gilbert et al., 2011). In order to demonstrate the
applicability of the motorized stage to quantifying cellular ﬁtness, we
intended to apply the technology with recombinant human embryo-
derived (HEK293YFPI152L) cells, stably expressing YFPI152L, an en-
gineered variant of yellow ﬂuorescent protein (YFP) and to compare
data obtained from the custom device with data from a commercial
high-end microplate reader.
In neuroscience, high-content imaging, also referred to as func-
tional imaging, has become an integral part for evaluating the
biophysical and pharmacological properties of ion channels - pore-
forming membrane proteins involved in most physiological and disease
processes and considered highly attractive drug targets for therapeutic
intervention (Alexander et al., 2015; Braat and Kooy, 2015; Meier
et al., 2014; Ortega-Guerrero et al., 2016; Talwar et al., 2013). In
functional imaging experiments, the activity of ion channels is mostly
assessed indirectly using ion-selective indicators such as loadable or
genetically encoded ﬂuorescence dyes that report an ion channel-
induced change in intracellular ion concentration via varying ﬂuores-
cence intensity. For assessing the suitability of the low cost device for
functional imaging of ion channels, we aimed to conduct agonist and
antagonist concentration-response experiments with glycine receptor
(GlyR) chloride channels in combination with YFPI152L as ﬂuores-
cence probe and with transient receptor vanilloid receptor type 1
(TRPV1) cation channels in combination with Fluo-4 AM as ﬂuores-
cence indicator.
GlyRs are ligand-gated ionotropic receptors that mediate inhibitory
neurotransmission in the central nervous system and conduct an anion
current, mainly carried by chloride (Cl−) upon activation by the amino
acid glycine. The channels can be selectively blocked by the high-
aﬃnity competitive antagonist strychnine (Lynch et al., 1997).
Functional GlyRs are formed from a total of ﬁve subunits (α1– α4, β)
which assemble either as α homomeric or αβ heteromeric channels
(Lynch, 2009). GlyR-activation can be monitored by ﬂuorescence
imaging using YFPI152L. YFPI152L, an engineered variant of YFP
with greatly enhanced anion sensitivity, is quenched by small anions
and is thus suited to reporting anionic inﬂux into cells (Galietta et al.,
2001). It has proven useful in screening compounds against many
chloride channel types (Balansa et al., 2010, 2013a, 2013b; , 2011,
2009c; , 2011, 2009c; Kruger et al., 2005; Kuenzel et al., 2016).
TRPV1 is a non-selective cation channel that mediates pain
perception in nociceptive somatosensory neurons. It is activated by
temperatures exceeding 43 °C, by a drop in pH below 6.8 and by
capsaicin, the main pungent ingredient in chili peppers (Caterina and
Julius, 2001). When activated, the channels conduct a depolarizing
cation current, partly carried by Ca2+, leading to an increase in
intracellular calcium concentration [Ca2+]i. Capsaicin-induced activa-
tion is antagonized by the competitive antagonist capsazepine, a
synthetic analogue of capsaicin (Bevan et al., 1992). Activation of
TRPV1 and increase of the intracellular Ca2+ concentration [Ca2+]i can
be assessed using Ca2+ selective ﬂuorophores, such as Fluo-4 AM. Fluo-
4 AM is a non-ratiometric, high-aﬃnity ﬂuorescent dye for quantifying
[Ca2+]i within a large dynamic range, around a Kd(Ca
2+) of 345 nM
(Gee et al., 2000). Its ﬂuorescence intensity increases with increasing
[Ca2+]i.
Finally, we aimed to create and to provide detailed step-by-step
instructions to re-building the stage and to evaluate it with regard to
the time required for production and installation.
2. Materials and methods
2.1. Pharmacological reagents
Glycine, strychnine, capsaicin and capsazepine were obtained from
Sigma-Aldrich. Glycine was prepared as a 1 M stock in water, strych-
nine was prepared as 10 mM stock in dimethylsulphoxide (DMSO).
Capsaicin and capsazepine were prepared as 100 mM stocks in DMSO.
All stocks were frozen at −20 °C. From these stocks, solutions for
experiments were prepared on the day of recording.
2.2. Calcium indicator
Fluo-4 AM was obtained from Molecular Probes and was prepared
as 10 mM stock in DMSO. Fluo-4 AM stocks were frozen at −20 °C.
From these stocks, solutions for calcium imaging experiments were
prepared on the day of recording.
2.3. Cell lines
Human embryonal kidney-derived cells (HEK293, CRL-1573) were
purchased from The American Type Culture Collection (ATCC). The
HEK293YFPI152L cell line was generated as described in (Walzik et al.,
2015).
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2.4. Cell culture
Cells were maintained in DMEM (Invitrogen) supplemented with
10% fetal bovine serum (Biochrom) and penicillin (100 U/ml)/strep-
tomycin (100 mg/ml) (Invitrogen) and were cultured in T75 ﬂasks
(TPP) at 37 °C, 5% CO2 in a humidiﬁed incubator according to
standard procedures. Cells were passaged every 2–3 days and used in
experiments when approximately 80–90% conﬂuent.
2.5. Low-cost 3D printed stage
The stage in its current design is made up of a total of sixteen 3D
printed parts (14 individual designs), two orthogonally positioned
bipolar stepper motors (200 Steps/Rev, NEMA 8, Watterott,
Germany) each attached to a threaded spindle with lead screw (1 mm
pitch, Misumi, Japan) and terminally centered using ball bearings
(Kugellager Shop, Germany), six linear bearings (Misumi, Japan), four
M4 brass guide rods (OBI, Germany), two pairs of end switches (ZF
Electronics, Germany) and a total of 65 standard M2-4 screws and
nuts. The stepper motors are controlled via L293DNE H-bridge motor
drivers (Texas Instruments, USA) mounted to a custom created
Arduino UNO-compatible actuator shield, i.e. a printed circuit board
(PCB), designed in Fritzing 0.9.2b/64 bit (Interaction Design Lab
Potsdam, Germany) which plugs directly into Arduino UNO pin-
headers. To limit the traveling path of the stage and to allow zero-
point calibration at the start of an experiment each of the two axes is
equipped with a pair of end switches (ZF Electronics, Germany)
connected to the shield.
The stage is orchestrated by one Arduino UNO open-source
electronics prototyping board (Arduino, Italy) based on the
ATmega328 microcontroller programmed using the Arduino open-
source integrated development environment (IDE). The NI LabVIEW
Interface for Arduino Toolkit (National Instruments, Ireland) was used
for interfacing the Arduino board with LabVIEW 2014 through a serial
connection. A user interface for parametrization, calibration and
application of the device was written in LabVIEW 2014 for use with
a standard laptop or personal computer with e.g. Windows 7 operating
System (Microsoft Corporation, USA) or any other device running
LabVIEW software.
2.6. Custom built robot
The imaging system is made-up of an autosampler for liquid
handling (HTS PAL, CTC Analytics, Switzerland), a miniaturized low-
cost inverted digital ﬂuorescence microscope (Thorlabs, USA) with 10x
objective (Olympus, Japan), CCD camera (Point Grey Research Inc.,
USA) and LED light source (LUMITRONIX, Germany) and in house
built autofocussing mechanics - all orchestrated by Arduino (Arduino,
Italy) and LabVIEW software (National Instruments, Ireland).
2.7. Preparation of cells for Example I experiments
The day before imaging experiments HEK293YFPI152L cells, pre-
viously dislodged from a T75 ﬂask (TPP, Switzerland) using 0.25%
trypsin–EDTA solution (Gibco BRL) and resuspended into DMEM,
were counted using a haemocytometer (LO Laboroptik GmbH,
Germany) and were seeded into the wells of a 96-well plate at 5000
(row A–H, column 1–2), 10000 (row A–H, column 3–4), 15000 (row
A–H, column 5–6), 20000 (row A–H, column 7–8), 25000 (row A-H,
column 9–10) and 30000 (row A-H, column 11–12) cells per well in 16
replicates each. Cells were cultured overnight at 37 °C, 5% CO2 in a
humidiﬁed incubator according to standard procedures. The next day,
the medium was replaced by 50 μl standard control solution, which
contained (in mM) NaCl 140, KCl 5, CaCl2 2, MgCl2 1, HEPES 10, and
glucose 10 (pH 7.4, NaOH) and ﬂuorescence intensity of cells was
measured ﬁrst using a VICTOR X4 plate reader (Perkin Elmer) with
YFP ﬁlter set (exposure time: 0.5 s) and subsequently using the custom
built robot.
2.8. Example I experiments with custom built robot
The 96-well plates were placed onto the 3D printed motorized stage
of the in house-built imaging system and cells were imaged with a 10×
objective (Plan Achromat, 0.25 NA, 10.6 mm WD, Olympus, Japan).
Illumination from an LED (Nichia NCSE119A 98 lm, LUMITRONIX
LED-Technik GmbH) passing through an excitation ﬁlter (EX 497/16,
MDF-YFP, Thorlabs) and ﬂuorescence light passing through emission
and dichroic ﬁlters (BA 535/22, DM 515, MDF-YFP, Thorlabs) was
imaged by a CCD camera (1.3 MP Chameleon, 1/3" CCD, Point Grey
Research Inc.) and digitized to disk onto a personal computer with
Windows operating System (Microsoft Corporation). The primary
resolution of the camera was 1280×960 pixel, although images were
binned (2×2), resulting in a resolution of 640×480 pixels. Each image
typically contained 50–250 cells. The CCD image acquisition time was
2 s. These experiments were conducted at room temperature.
2.9. Transient transfection of HEK293 cells for Example II
experiments
Approx. 24 h prior to transfection, cells were seeded into 6 cm
dishes (TPP) at a concentration of 106 cells per dish. GlyR chloride
channel subunits (Kuhse et al., 1990; Legendre et al., 2009), YFPI152L
(Galietta et al., 2001) and TRPV1 were transfected with a total cDNA
quantity of 4 µg per 6 cm dish. Cells were transfected using 30 μl
PolyFect Transfection Reagent (Qiagen) according to the manufac-
turer's instructions. We have published a detailed comparison of ﬁve
transient transfection methods employed routinely for this purpose
(Gilbert et al., 2009a).
2.10. Preparation of cells for Example II experiments
Following termination of transfection, cells were trypsinized by
adding 0.3 ml of 0.25% trypsin–EDTA solution (Gibco BRL), resus-
pended into DMEM, and 3×104 cells, suspended in 200 μl DMEM, and
were plated into each well of a transparent 96-well plate (TPP) for
ﬂuorescence imaging experiments. Cells were used in experiments 24 h
later. Individual wells typically contained 3–5×104 cells at the time of
the experiment. Approximately 1 h prior to commencement of experi-
ments, culture medium in 96-well plates was entirely removed by
turning the plate upside-down onto a stack of tissue and plates were
left for approximately 30 s until culture media was entirely removed
from the wells. The medium was replaced by 50 μl standard control
solution, which contained (in mM) NaCl 140, KCl 5, CaCl2 2, MgCl2 1,
HEPES 10, and glucose 10 (pH 7.4, NaOH) upon washing the cells
once in 50 μl standard control solution.
For chloride imaging experiments, the agonist NaI test solution was
supplemented with 3 mM glycine and serially diluted with NaI test
solution to obtain agonist solutions containing 3, 10, 30, 100, 300,
1000 and 3000 µM ﬁnal glycine concentration. For antagonist con-
centration response experiments with GlyR α3 expressing cells, the
control solution was supplemented with 0.1, 0.3, 1, 3, 10, 30, 100 µM
ﬁnal strychnine concentration and pre-incubated prior to functional
imaging for approx. 30 min.
For calcium imaging experiments, cells were incubated in 50 μl
standard control solution supplemented with 1 µM Pluronic F-127
(Life Technologies) and 5 µM Fluo-4 AM (Molecular Probes) ﬁnal
concentrations for 1 h at 37 °C, 5% CO2 and staining solution was
replaced by 50 μl control solution. For TrpV1 receptor stimulation, the
control solution was supplemented with 0.1, 0.1, 1, 10, 100, 1000,
10000 and 100000 nM ﬁnal capsaicin concentrations. For TRPV1
antagonist concentration response experiments, the agonist solution
containing 1 µM capsaicin was supplemented with 0.01, 0.1, 1, 10, 100,
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1000 and 10000 nM capsazepine (Sigma) ﬁnal concentration. For
TrpV1 receptor stimulation, the control solution was supplemented
with 0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100, 300, 1000 and 3000 µM ﬁnal
capsaicin concentrations.
All drugs were diluted from stocks at the day of the experiment and
experiments were conducted at room temperature.
2.11. Example II experiments
Imaging experiments were conducted as explained in section
Example experiments I with the diﬀerence that the experimental
protocol involved imaging each well twice: once in 50 μl control
solution and once 8 s after the injection of 100 μl agonist solution.
Liquid handling was performed with the autosampler described above.
Solutions were applied to cells at a rate of 0.6 ml/min.
2.12. Evaluation of positioning characteristics
Images acquired for calculation of spatial resolution, accuracy and
repeatability were aligned with ImageJ (National Institutes of Health)
using the plugin Register Virtual Stack Slices (Arganda-Carreras et al.,
2006) (for documentation see http://ﬁji.sc/wiki/
Register_Virtual_Stack_Slices). Bi-directional registration information
(in pixels) was extracted from so called transforms *.xlm-ﬁles provided
by the plugin and converted into micrometers based on a previously
determined factuator. The conversion factuator was calculated from
images of a 1951 USAF test target consisting of reference line patterns
with well-deﬁned dimensions.
2.13. Image registration
Images acquired with the automated high-content screening system
were spatially aligned with LabVIEW (National Instruments) and
ImageJ (National Institutes of Health) using the plugin Register
Virtual Stack Slices (Arganda-Carreras et al., 2006). For automated
registration of large sets of image pairs, we created a LabVIEW virtual
instrument (VI) which dynamically generates jython scripts and calls
the Register Virtual Stack Slices plugin via the command line in
ImageJ headless mode in a non-interactive fashion. Resulting trans-
forms are saved in XML format and are used by the VI for extraction of
matching image regions in the original image pairs which are copied to
a new subdirectory in TIFF format and enable single cell or image-
based quantitative image analysis.
2.14. Single cell-based quantitative image analysis
Registered images of ﬂuorescent cells were segmented and quanti-
tatively analyzed using a modiﬁed version of DetecTiﬀ software (Gilbert
et al., 2009b). The ﬂuorescence signal of identiﬁed cells was measured
in images acquired before and after the addition of agonist solution as
the mean of all pixel values within the area of a cell. ‘% ﬂuorescence
quench’ in chloride imaging experiments is deﬁned as:
(1)% ﬂuorescence quench =(Finit – Fﬁnal) *100/ Finit.
and ‘% ﬂuorescence change’ in calcium imaging experiments is
deﬁned as:
(2)% ﬂuorescence change =(Fﬁnal / Finit) – 1*100,
where Finit and Fﬁnal are the initial and ﬁnal values of ﬂuores-
cence, respectively.
2.15. Image-based intensity analysis
Mean ﬂuorescence intensity (MPI) of all pixels within one image
acquired with the custom-designed automated high-content screening
system was quantitatively analyzed using a modiﬁed version of
DetecTiﬀ software.
2.16. Calculation of concentration-response relationships
Individual concentration responses were constructed by pooling
results from approx. 100–300 cells in one well exposed to agonist
solution. Concentration-response relationships were ﬁtted with the
following equation:
(3)F = Finit /(1+(EC50 /[Agonist])
nH).
where F is the ﬂuorescence corresponding to a particular agonist
concentration, [Agonist]; Finit is the initial ﬂuorescence value; EC50 is
the concentration that elicits half-maximal activation; and nH is the
Hill coeﬃcient. Curve ﬁts were performed using a least squares ﬁtting
routine (Origin 7 G, OriginLab Corporation). All averaged results are
expressed as mean ± SD.
2.17. Data analysis and visualization
Plate reader data were annotated in Microsoft Excel and analyzed
using Origin 7 G (OriginLab Corporation). Heat maps of normalized
imaging results were generated using LabVIEW 2014.
3. Results
We have developed an inexpensive motorized positioning stage that
can easily be reconstructed within a few hours using 3D desktop
printing and oﬀ-the-shelf components. To demonstrate its applicability
to automated high-content microscopy in high-throughput screening
mode, we integrated the stage into a custom built imaging robot (see
Methods for details). Schematics and images of the stage as well as of
the robot are shown in Fig. 1. We describe positioning characteristics of
the stage, including spatial resolution, accuracy and repeatability,
compare imaging data generated with our platform to data obtained
using a commercially available microplate reader, demonstrate its
suitability to high-content microscopy in 96-well high-throughput
screening format and validate its applicability to automated functional
Cl−- and Ca2+-imaging with recombinant HEK293 cells as a model
system. We further provide detailed step-by-step instructions to re-
building the stage including a comprehensive parts list, 3D design ﬁles,
electronic circuits and wiring diagrams as well as software code, and we
give examples for customization, e.g. for use with various culture
plastic ware such as 40 and 60 mm dishes, T25 and T75 tissue culture
ﬂasks and standard 76×26 mm (3×1 in.) microscope slides. System
assembly including printing of plastic parts requires approx. 30 h. The
fully assembled device is light-weight (1.1 kg), small (33×20×8 cm)
and extremely low-cost (approx. EUR 250). A time-lapse video of the
stage and custom built robot during operation can be found at https://
vimeo.com/158813199.
3.1. 3D-design, mechatronics, software & development process
As a starting point towards designing a low-cost positioning stage
we modiﬁed a miniaturized and motorized webcam-microscope stage
previously developed in our lab (Walzik et al., 2015) to ﬁt the
dimensions of a standard, e.g. 24-, 96-, 384- or 1536-well multititer
plate using commercial computer assisted design (CAD) software
(Autodesk Inventor 2013, Autodesk, Inc., USA). In a next step, we
optimized the design to ensure robustness in everyday use, and at the
same time, minimize space and resource requirements. Images of the
initial and modiﬁed up-scaled stages, respectively, are shown in Fig. 1a
and b-d, demonstrating the versatility of 3D printed infrastructure with
regard to customization. The stage in its current design is made up of a
total of sixteen 3D printed parts (14 individual designs), printed during
an overall time of < 23 h from approx. 250 g black acrylonitrile
butadiene styrene ﬁlament (ABS, MakerBot Industries, USA) using a
consumer grade 3D printer (MakerBot Replicator, MakerBot
Industries, USA). For details on the mechanical and electronic compo-
nents please refer to the methods section.
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The stage is orchestrated by one Arduino UNO open-source
electronics prototyping board (Arduino, Italy), the NI LabVIEW
Interface for Arduino Toolkit (National Instruments, Ireland) and
LabVIEW 2014 through a serial connection. The device was prototyped
during a period of approx. 6 months, which can be divided into three
phases. In the initial phase (2 months), the required electronic
components were researched, ordered and assembled and preliminary
circuits and software were developed. In the second phase (1 month)
the motorized stage was engineered and proof-of-concept experiments
were carried out and in the ﬁnal stage (3 months), hard- and software
were optimized and benchmarking with conventional technology was
conducted.
All mechanical and electronical hardware components, 3D design
ﬁles, PCB sketch and software code as well as additional information
required to re-building and applying the stage are summarized in the
Supplementary Table S1.
3.2. Positioning characteristics
The usability of a motorized positioning system for microscopic
applications is limited by a variety of parameters, including (1.) its
overall travel range, (2.) its spatial resolution, i.e. the smallest traveling
distance of the positioning stage in X- and Y-direction, (3.) its accuracy,
i.e. the diﬀerence between the actual position in space and the position
as quantiﬁed by a measurement device and (4.) its repeatability, i.e. the
range of positions attained when the system is repeatedly commanded
to one location under identical conditions (Conrad et al., 2000).
Generally speaking, the larger the travel range, the smaller the spatial
resolution; the higher the accuracy and the better the repeatability, the
larger is the spectrum of potential applications. In the current conﬁg-
uration, the travel range is approx. 120×80 mm. The spatial resolution
of the positioning stage is deﬁned by the following equation.
(4)X, Y Resolution (µm)=Pitchspindle/No. of stepsmotor,where
Pitchspindle is the incline of the spindle per revolution (1000 µm)
and No. of stepsmotor is the total number of steps per revolution of the
stepper motor (200 steps). To evaluate whether the calculated spatial
resolution of 5 µm equals the practical resolution, we set the control-
ling software to repeatedly move one axis by a single step and to
subsequently acquire an image of an USAF 1951 test target. This
procedure was repeated 50 times for both axes in positive and negative
direction each. The practical resolution was quantiﬁed by measuring
the drift of the USAF 1951 test target-structures in recurrently
acquired images using the ImageJ plugin Register Virtual Stack. For
methodological details refer to methods section. The relation of set
point positions to associated measured positions for both axes is
displayed in the graphs in Fig. 2A and B (X-axis, black; Y-axis, grey).
From these data, we calculated the average step size (n = 50, mean ±
SD,) for positively and negatively directed movements of the X- (5.1 ±
1.8 µm; −4.9 ± 1.9 µm) and Y-axis (3.5 ± 2.2 µm; −5.0 ± 1.1 µm), re-
spectively, as shown in the histogram insets in Fig. 2a and b. The grey
(Y-axis) and black (X-axis) dots in Fig. 2a and b, respectively, represent
measured positions of the axis perpendicular to the actively moving
axis and indicate a passively occurring oﬀset that was not further
quantiﬁed.
These results demonstrate excellent correlation of practical resolu-
tion to calculated theoretical resolution but at the same time also reﬂect
moderate accuracy as indicated by the high standard deviation (X: ±
1.8 and ± 1.9 µm; Y: ± 2.2 and ± 1.1 µm) at the resolution limit of the
stage as well as a passively occurring oﬀset at the axis perpendicular to
the actively moving axis.
For assessing repeatability of the stage, we parametrized the
controlling software to repeatedly capture a single image at the same
position of a USAF 1951 test target, deﬁned by a ﬁxed number of steps
(well D4 of 96-well plate, corresponding to 6900 and 6200 single X-
and Y-axis motor steps, respectively) to be executed by the stepper
motors upon zero-point calibration. The repeatability was quantiﬁed by
measuring the deviation from the original position using the ImageJ
plugin Register Virtual Stack. Fig. 2c shows single data points and box
plots of the deviation from the original position in X- and Y-direction.
The minimal and maximal deviations from the origin vary between
−92.6 and 94.5 µm for the X-axis and −29.2 and 108.8 µm for the Y-
axis. The average repeatability and standard deviation for X-(black, 3.9
± 48.3 µm) and Y-directions (grey, 5.4 ± 28.9 µm) calculated from a
total of 19 repeats each are represented by open circles and error bars.
Fig. 1. The open source motorized microscope stage is customizable and can be modiﬁed to ﬁt any conventional or custom assembled hardware. (a) Previously developed low-cost stage
for a motorized webcam-based digital microscope serving as a starting point for designing the low-cost open source positioning system. Scale bar: 2 cm. (b) Assembly drawing of the
stage indicating its simple design and modiﬁability. Scale bar: 5 cm. (c) Close-up view of the stage, integrated into a custom built screening robot. (d) Custom built screening robot with
integrated stage.
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The solid line in the box mark the median value, upper and lower box-
margins indicate 75th and 25th percentiles, respectively.
These data demonstrate the suitability of the stage to microscopic
applications which require a mean bi-directional repeatability range of
approx. ± 5 µm.
3.3. Example I (Cancer research): high-throughput cell viability
screening
In order to assess the applicability of the presented positioning
device to automated high-content microscopy in high-throughput
mode, we imaged HEK293YFPI152L cells, recombinantly expressing a
cytosolic ﬂuorescence marker and seeded at densities between 5000
and 30,000 cells per well with our custom built robot and compared
quantiﬁcation data of cell number to those generated with a microplate
reader. Plate reader-based quantiﬁcation typically delivers low-resolu-
tion data within short time (here: approx. three minutes per 96-well
plate), i.e. a single data point per well of a multititer plate that is
usually expressed as relative ﬂuorescence unit (RFU). Microscopy-
based quantiﬁcation is more time consuming (here: approx. one hour
per 96-well plate) but in turn provides data of high content and allows
characterization of ﬂuorescence signal and cell number at both single
cell and population-based level, typically expressed as cells per image
or mean pixel intensity (MPI). Fig. 3a shows images of HEK293YFPI152L
cells acquired using the custom built system. Fig. 3b shows color maps
of data generated with the plate reader (left) and the custom robot
(middle, right) with cold and warm colors representing low and high
values, respectively. For quantiﬁcation of the cells per image and MPI,
images were segmented and quantitatively analyzed using a modiﬁed
version of DetecTiﬀ software (see methods section for details). Fig. 3c
and d show correlation plots of averaged values for 5000, 10000,
15000, 20000, 25000 and 30000 seeded cells per well (n =16 wells,
error bars: ± SD) reﬂected by RFU from plate reader-based quantiﬁca-
tion (11024 ± 233, 13343 ± 606, 16120 ± 1630, 18377 ± 1402, 20385
± 1207 and 22776 ± 1912) versus MPI (9.9 ± 0.7, 12.8 ± 1.6, 15.4 ± 1.1,
18.6 ± 1.1, 20.9 ± 1.6 and 21.4 ± 2.3) and cells per image (94 ± 25, 235
± 43, 366 ± 39, 520 ± 50, 590 ± 53 and 604 ± 74) calculated from data
obtained using the custom built robot. Regression analysis (dashed
lines) of quantiﬁcation data obtained with the custom built system
including the low-cost positioning stage revealed excellent correlation
with data from conventional technology (Fig. 3c, R2=0.98 ± 0.79;
Fig. 3d, R2=0.97 ± 47.8). Thus, data generated in high-throughput
screening experiments using our platform compares well with data
from conventional technology.
These results clearly demonstrate that the low cost positioning
device is suitable to application for high-content imaging in high-
throughput screening mode.
3.4. Example II (Neurosciences): high-content functional chloride-
and calcium-imaging
In order to assess whether the motorized stage as a key element of
our custom built robot enables ﬂuorescence-based functional imaging
of ion channels in high-throughput mode, we conducted automated
agonist and antagonist concentration-response experiments with gly-
cine receptor (GlyR) chloride channels and transient receptor potential
vanilloid receptor type 1 (TRPV1) cation channels using the ﬂuores-
cence indicators YFPI152L and Fluo-4 AM, respectively.
For Cl− imaging experiments with GlyRs, we co-transfected
HEK293 cells with YFPI152L and α3 GlyR cDNA and seeded the cells
at deﬁned density of 3×104 cells in each well of a 96-well plate. The
next day and approximately 1 h prior to imaging, the culture medium
was completely removed and was replaced by 50 μl NaCl control
solution. The standard NaCl control solution contained (in mM):
NaCl 140, KCl 5, CaCl2 2, MgCl2 1, HEPES 10, glucose 10, pH 7.4
using NaOH. The 96-well plate was placed onto the motorized stage of
our in house-built imaging system and cells were imaged once in
control solution or in control solution supplemented with increasing
concentrations (0.1–100 µM) of the competitive antagonist strychnine
(STR) to record cellular YFP ﬂuorescence in unquenched state. As
YFPI152L is almost insensitive to chloride, its ﬂuorescence intensity is
highest in NaCl solution allowing for optimal focussing into the optical
layer of cells. Subsequently, cells were perfused with 100 μl NaI test
solution containing either increasing (3–3000 µM, Fig. 4a) or a single
concentration of glycine (GLY, 65 µM, Fig. 4b) and were imaged again.
The NaI test solution was similar to NaCl control solution except that
the NaCl was replaced by equimolar NaI. Fluorescence quench was
calculated at single cell level by quantitative analysis of image pairs as
described in the methods section. Sample images of HEK293 cells
transfected with both YFPI152L and the GlyR α3 subunit are shown in
Fig. 4a and b. Average (mean ± SD) agonist and antagonist dose–
responses were constructed by pooling results from wells exposed to
diﬀerent solutions and subsequent averaging from replicate experi-
ments (Fig. 4a: n =8; Fig. 4b: n =3). Calculated half-maximal activation
or inhibition concentration (EC50, IC50) for glycine (63.7 ± 7.3 µM) and
strychnine (3.3 ± 0.7 µM) correspond well with data from functional
Cl− imaging and electrophysiology previously reported in the literature
(Meier et al., 2005; Talwar et al., 2013) and demonstrate that the
Fig. 2. The spatial resolution, accuracy and repeatability of the positioning system is suﬃcient to microscopic applications. (a) and (b) Correlation plots of set point position to
associated measured position of the X- (black) and Y-axis (grey) when either the X- (a) or Y-axis (b) is moved. The histogram-insets depict the average resolution (mean ± SD, n=50) and
reﬂect moderate accuracy as indicated by high standard deviation as well as a passively occurring oﬀset at the axis perpendicular to the actively moving axis (see grey dots in (a) and
black dots in (b)). (c) The bi-directional repeatability range was assessed by repetitively commanding the device to the same location and measures approx. ± 5 µm.
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motorized stage enables automated ﬂuorescence-based functional
imaging of GlyRs.
For Ca2+ imaging experiments with TRPV1 channels, HEK293 cells
were transiently transfected with TRPV1 cDNA and seeded the cells at
deﬁned density of 2.5×104 cells in each well of a 96-well plate. The next
day and approximately 1.5 h prior to imaging, the cells were incubated
in Fluo-4 AM calcium indicator as described in the methods section
and cells were imaged once in control solution using the custom-built
Fig. 3. High-content imaging data acquired in high-throughput screening mode compare well with data from conventional technology. (a) Images of HEK293YFPI152L cells seeded at
diﬀerent densities and acquired using the custom built system. Scale bar: 200 µm. (b) Color maps of data generated with a plate reader (left, population-based analysis) and the custom
robot (middle, population-based analysis; right, single cell-based analysis) with cold and warm colors representing low and high values, respectively. (c) and (d) Correlation plots of
averaged values for cells seeded at diﬀerent densities (n =16 wells, error bars: ± SD) and regression analysis (dashed lines) of quantiﬁcation data obtained with the custom built system
and conventional technology demonstrating that the low-cost positioning device is suitable to application for high-content imaging in high-throughput screening mode.
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robot. Subsequently, cells were perfused with 100 μl NaCl agonist
solution containing either increasing concentrations (0.1–100000 nM,
Fig. 4c) or a single concentration of capsaicin (CAPS, 1 µm, Fig. 4d),
supplemented with increasing concentrations (0.01–10000 nM) of the
competitive antagonist capsazepine (CPZ). Fluorescence change was
calculated as described in the methods section. Sample images of
HEK293 cells transfected with TRPV1 and loaded with the calcium
probe Fluo-4 AM are shown in Fig. 4c and d. Average (mean ± SD)
agonist and antagonist dose–responses are shown in Fig. 4c (n =4) and
Fig. 4d. (n =3). Calculated half-maximal activation or inhibition
concentration (EC50, IC50) for capsaicin (29.7 ± 33.7 nM) and capsa-
zepine (29.3 ± 35.0 nM) basically correspond to data reported in the
literature (Bevan et al., 1992) and further validate applicability of the
positioning system for automated functional imaging, i.e. for evaluating
the physiological and pharmacological characteristics of ion channels
in high throughput mode.
Detailed instructions to re-building the device can be found in the
Supplementary Step-by-Step instructions.pdf ﬁle in the archive
Supplements.zip.
4. Discussion
To overcome the limitations of commercially available positioning
technology suitable for automated high-content microscopy, we have
developed a system that is advantageous for several reasons. First, with
a footprint of 33×20 cm and a mass of 1.1 kg, including controller and
power supply, the device is smaller and lighter compared to conven-
tional technology (e.g. Nikon TI-SH-U or Prior Scientiﬁc H107/
HLD117), allowing for mobile application. The device requires a USB
connection as well as 5 V DC that could either be provided by a 220V-
powered supply or even a battery further supporting mobile applic-
ability. No speciﬁc cabling or connectors are needed and operation
using a laptop and any other handheld device is suﬃcient. Second, with
EUR 250 costs of material, the system is approx. 40–80 times less
expensive compared to commercially available devices and is readily
applicable to a broad range of laboratories in various ﬁelds of research
and educational institutions. Despite its extremely low costs, the
positioning characteristics in general and the repeatability in particu-
lar, compares well with commercially available systems (3.9–5.4 µm vs.
1 µm for Prior Scientiﬁc H107), that could be further improved by
using e.g. stable closed-loop positioning feedback control systems,
spindles of smaller pitch as well as by operating the stepper motors in
half or micro-stepping mode, resulting in ﬁner resolution and higher
repeatability. Third, the device was prototyped based on a ‘Makers’
approach and can easily and quickly be re-built in so called ‘Fab labs’
(fabrication laboratories) based on the information provided in the
paper including supplementary ﬁles. Fab labs are small-scale work-
shops, virtually accessible to anyone and available in many cities and
Fig. 4. The positioning device enables high-throughput functional Cl− and Ca2+ imaging for evaluating the physiological and pharmacological characteristics of ion channels. (a, left)
Images of HEK293 cells transiently transfected with GlyR α3 and YFPI152l, incubated in NaCl control solution (top) and NaI test solution containing 100 µM glycine (GLY, bottom). (a,
right) Dose-response experiment with increasing glycine concentrations. (b, left) Images of HEK293 cells transfected as in (a) but incubated in NaCl control solution containing 100 µM
strychnine (STR, top) and upon addition of NaI test solution containing 100 µM glycine (GLY, bottom). (b, right) Concentration-response experiment with constant glycine but
increasing strychnine concentrations. (c, left) Images of HEK293 cells transiently transfected with TRPV1 cDNA, incubated in NaCl control solution (top) and NaCl test solution
supplemented with 10 µM capsaicine (CAPS, bottom). (c, right) Dose-response experiment with increasing capsaicin concentrations. (d, left) Images of HEK293 cells transiently
transfected as in (c) but incubated in NaCl control solution (top) and NaCl test solution supplemented with 1 µM capsaicine and 100 nM capsazepine (CPZ, bottom). (b, right) Dose-
response experiment with constant capsaicine (1 µM) but increasing capsazepine concentrations. These data correspond well to data available in the literature and validate the
applicability of the positioning stage as a central and key component of a low-cost screening device for automated physiological and pharmacological proﬁling of ion channels in high
throughput mode.
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countries (for a list see e.g. https://www.fablabs.io/labs), which are
increasingly being adopted by schools and universities as platforms for
project-based, hands-on STEM (science, technology, engineering and
mathematics) education. Furthermore, as STL and STEP ﬁles are
provided for all 3D printable components it is possible to simply and
quickly modify individual parts and even the complete stage to meet
speciﬁc requirements. In contrast, hardware modiﬁcation and
customization of conventional positioning stages is typically not
permissible and will result in the loss of warranty and exclusion of
liability. Additionally, in case of defective hardware, even within the
warranty period, it typically takes several weeks and even up to months
until the issue is identiﬁed and ﬁxed. Beyond the warranty period,
replacement of defective parts presumably takes even longer and might
also generate disproportionately high costs. All 3D printed parts and
oﬀ-the-shelf components of the presented device can easily be replaced
within the same day. For modiﬁcation of the provided 3D design ﬁles,
there is a variety of free 3D design software available on the internet
including, e.g. SketchUp Make or FreeCAD. Although building the
positioning stage based on 3D printed parts is probably the quickest
and most inexpensive way, the device could also be constructed from
more durable machined components using diﬀerent and more robust
material including injection molding. Fourth, the positioning stage
presented in this paper is completely open source as we also provide
any software required to operating the device including Arduino- and
LabVIEW-based software code. Both programming environments are
comprehensively documented and support is provided in user forums,
via tutorials and with a large spectrum of examples allowing the user to
quickly interface the stage with third-party soft- and hardware without
being a specialist. For example, most commercial stages are optionally
equipped with a joystick or related hardware for manual control that –
with a few thousand euros cost – is typically prohibitively expensive for
many labs. The presented positioning system could be easily extended
for manual control using e.g. a few buttons on the computer keyboard
or a simple joystick for less than a euro as typically implemented in
conventional gaming controllers. Finally, the device in its current
conﬁguration is straightforward, easy to use and does not require
highly skilled staﬀ for application and maintenance as well as expensive
service contracts thus, further highlighting the applicability in a large
spectrum of scientiﬁc or educational ﬁelds.
Despite the above mentioned advantages over conventional posi-
tioning stages, the inexpensive open source microscope stage has also
potential for improvement. For example, all plastic parts were printed
with a relatively low inﬁll value of 30%, leading to light weight but also
fragile components. Although in our laboratory the stage has been
intensively used on a daily basis and for months without functional
impairment, increasing the ﬁll value may result in increased robustness
and reliability in long-term applications. In high-throughput screening
experiments, hardware speed is one of the most important throughput-
limiting factors. Commercially available positioning devices specify the
maximal scanning speed with values from 40 (e.g. Prior Scientiﬁc
H107) to 300 mm/s (e.g. Prior Scientiﬁc HLD117). Due to LabVIEW-
related speed limitations for communication with the Arduino board
via the serial port, the maximum scanning speed of the low-cost device
is currently limited to 5 mm/s, reducing the achievable experimental
throughput compared to commercially available high-end motorized
microscope stages. Some manufacturers indicate the ﬂatness of the
complete stage (e.g. 5 µm for Prior Scientiﬁc H107) as it inﬂuences the
maximally achievable experimental throughput via a given minimal
range required for autofocussing. The ﬂatness of the low cost device
was not determined but is presumably in the range of hundreds of
micro meters.
Although the system is currently set up for application with
multititer plates it could easily be extended for use with standard cell
or tissue culture plastic or glass ware without the need for the device to
be re-designed. We have created a range of adapters allowing the
positioning system to be used with standard 26×76 mm glass slides, 40
and 60 mm dishes as well as T25 and T75 tissue culture ﬂasks.
Associated 3D design ﬁles in STL and STEP format can be found in
the supplements subfolder named Misc.
While controlling of the presented device is orchestrated by an
Arduino microcontroller board and its IDE as well as – optionally -
LabVIEW, system control could also be realized by other microcon-
troller prototyping boards such as Raspberry Pi or BeagleBone and
associated programming languages and operating systems.
Imaging data generated with our device compares well with data
obtained using a commercially available microplate reader, demon-
strating its suitability to high-content microscopy in high-throughput
screening format and validating its applicability to automated func-
tional Cl−- and Ca2+-imaging with recombinant HEK293 cells as a
model system.
Although this work focusses on automated high-content imaging in
high-throughput mode, the presented technology could also be ex-
tended by implementation of further instrumentation including in-
cubator infrastructure, capable of maintaining optimal conditions
necessary for culturing organisms such as temperature and carbon
dioxide or oxygen concentration as well as humidity of the atmosphere
or other biosensor technology to suit the requirements for a vast variety
of ﬁelds of research including life and even material sciences.
In summary, the 3D printed motorized positioning stage presented
in this article improves the classical technologies in terms of port-
ability, customizability, user-friendliness and cost and provides an
example of open source low-cost technology that is compatible with fast
and resource-eﬃcient prototype optimization. Altogether, this work
contributes to furthering the applicability and availability of commer-
cially viable automated high-content imaging devices for use in
biomedical research and education.
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